Context. The physical origin of the strong magnetic activity in T Tauri stars and its relation to stellar rotation is not yet wellunderstood. Aims. We investigate the relation between the X-ray activity, rotation, and Rossby number for a sample of young stars in the ≈ 3 Myr old cluster IC 348. Methods. We use the data of four Chandra observations of IC 348 to derive the X-ray luminosities of the young stars. Basic stellar parameters and rotation rates are collected from the literature. This results in a sample of 82 X-ray detected stars with known rotation periods. We determine the Rossby numbers (i.e. the ratio of rotation period to convective turnover time) of 76 of these stars from stellar structure-and evolution-models for pre-main sequence stars.
Introduction
Young stellar objects (YSOs) in all evolutionary stages, from class I protostars, to T Tauri stars (TTS) to zero-age mainsequence stars, have highly (∼ 10 3 −10 4 times) elevated levels of X-ray activity (for reviews of the X-ray properties of YSOs and stellar coronal astronomy in general, see Montmerle 1999 and . Despite many years of research, the physical origin of this X-ray activity remains poorly understood. Although there is strong evidence that in most TTS the X-ray emission originates from magnetically confined coronal plasma (e.g. , it is unclear what kind of dynamo processes create the required magnetic fields.
For main-sequence stars, the level of the magnetic activity (and thus the strength of the X-ray emission) is mainly determined by their rotation rate. Observations have revealed a clear rotation-activity relation of the form L X /L bol ∝ P −2.6 rot (e.g. Pallavicini et al. 1981; Pizzolato et al. 2003) , which is in good agreement with the expectations of solar-like α−Ω dynamo models (e.g. Maggio et al. 1987; Ossendrijver 2003) . The solar dynamo is thought to be anchored in the "tachocline", a thin zone between the inner radiative core and the outer convection zone. However, the connection between the observed surface magnetic activity and the properties of the dynamo generating the magnetic flux is not yet fully understood (e.g., Işık et al. 2011 ).
For main-sequence stars, the increase in magnetic activity towards shorter rotation periods stops for periods shorter than ∼ 2 − 3 days, where the activity saturates around log (L X /L bol ) ≈ −3. The physical reasons for this saturation effect are poorly understood (see, e.g., Jardine & Unruh 1999). For extremely rapidly rotating stars, the activity level seems to decrease slightly with increasing rotation rate (Prosser et al. 1996; Randich 2000; James et al. 2000; Jeffries et al. 2011) , a phenomenon that is denoted as "super-saturation" and also not well-understood.
Studies of stellar populations with different ages show that that there is a continuous evolution from the very high X-ray activity levels in the youngest stages to the much lower activity seen in older (more than a few hundred Myr old) stars (e.g., Güdel et al. 1997; Preibisch & Feigelson 2005; Telleschi et al. 2005) . This evolution can be explained by the temporal decrease in the stellar angular momentum (Bouvier et al. 1997; Herbst et al. 2007 ). Furthermore, the presence of strong magnetic fields on the surface of T Tauri stars has been clearly established (e.g. Johns-Krull 2007) . These pieces of evidence suggest that the X-ray activity of YSOs originates in dynamo processes similar to those present in our Sun.
However, the relation between rotation and X-ray activity in TTS remained unclear until recently, since in most studies of star forming regions the number of X-ray detected TTS with known rotation periods was too small to draw sound conclusions.
A few years ago, the Chandra Orion Ultradeep Project (COUP), a ten-day long observation of the Orion Nebula Cluster (ONC) with Chandra/ACIS (for details of the observation and data analysis, see Getman et al. 2005 ) and the XMM-Newton Extended Survey of the Taurus Molecular Cloud (XEST, see Güdel et al. 2007 ) provided very sensitive X-ray data sets for large samples of TTS. The COUP and the XEST data have both shown that the TTS in Orion and Taurus do not follow the relation between rotation period and X-ray luminosity for main-sequence stars Briggs et al. 2007 ). In addition the TTS spin up during the first ∼10-30 Myr (Herbst & Mundt 2005) does not lead to an increase in the Xray luminosity. This places doubt on the solar-like dynamo activity scenario for TTS. Another argument against solar-like dynamos in young TTS comes from theoretical considerations: at ages of ≤ 2 Myr, most TTS are expected to be fully convective, and thus should not possess a tachocline. The conventional α − Ω dynamo cannot work in such a situation. Several alternative dynamo concepts have been developed for fully convective stars (e.g. Giampapa et al. 1996; Küker & Rüdiger 1999; Dobler et al. 2006; Chabrier & Küker 2006; Browning & Basri 2007; Vögler & Schüssler 2007; Pietarila Graham et al. 2010) . Although the reliability of these theoretical models is not entirely clear, there is good evidence for the simultaneous presence of an α−Ω dynamo and some kind of a small-scale turbulent dynamo in the convection zone of our Sun (e.g., Durney et al. 1993; Trujillo Bueno et al. 2004) .
Direct observations of the relation between rotation and magnetic activity for stellar samples spanning a wide range of ages can provide fundamental constraints on the theoretical models. Numerous large datasets are available for samples of main-sequence stars as well as for young stellar clusters with ages as young as 30 Myr (e.g. Prosser et al. 1996; Stauffer et al. 1997a,b; Randich 2000; Jeffries et al. 2011) . For younger ages, however, there is still a clear lack of reasonably large stellar samples for which good activity and rotation data are available. The data obtained in the COUP and XEST observations do both indicate that there are very young stellar populations of only < ∼ 1 Myr old (see, e.g., Weights et al. 2009; Dib et al. 2010; Luhman et al. 2010) . Since the stellar rotation, the magnetic activity levels, and other basic stellar parameters evolve strongly in the age range between 1 Myr and 30 Myr, a sample of stars with an age of a few Myr can provide valuable information. With an age of ≈ 3 Myr (Luhman et al. 2003; Mayne et al. 2007 ), the young cluster IC 348 is very well-suited in this respect. This age is particularly interesting because it corresponds to the point in time when the structure of solar-mass stars changes from a fully convective interior to a radiative core plus convective envelope structure, and this should affect the dynamo processes that are the ultimate source of the magnetic activity.
X-ray and rotation data for IC 348
IC 348 is the nearest (≈ 310 pc, Herbig (1998) ) rich and compact very young stellar cluster (Herbst 2008) . In a large number of observational studies, more than 300 individual cluster members have been identified and accurately characterized using optical and infrared spectroscopy and photometry (Herbig 1954 (Herbig , 1998 Lada & Lada 1995; Muench et al. 2003; Preibisch et al. 2003; Luhman 1999; Luhman et al. 2003 Luhman et al. , 2005 . For nearly all of these stars, basic parameters such as luminosity, effective temperature, mass, and age are known. The mean age of the cluster members is ≈ 3 Myr. Extensive studies with the Spitzer Space Telescope have provided comprehensive information about the frequency and nature of the circumstellar disk population in IC 348 (Lada et al. 2006; Muench et al. 2007; Currie & Kenyon 2009 ).
Chandra X-ray observations
We targeted IC 348 during four different observations with the Imaging Array of the Chandra Advanced CCD Imaging Spectrometer (ACIS-I). The first observation was obtained in September 2000 (ObsID 606, 52.9 ksec exposure time, PI: Th. Preibisch), and the results were presented in Preibisch & Zinnecker (2001) and Preibisch & Zinnecker (2002 ′ to the south-west, and ObsIDs 8944 and 8944 are shifted 13.1 ′ to the south-west. The total area covered by the combined Chandra data set is about 555 square-arcmin and includes most known cluster members.
For the study presented in this paper, we merged and analyzed all four Chandra data sets to determine the X-ray luminosities of the TTS in IC 348. The source detection in the merged image was performed in a standard way by using the wavdetect algorithm in CIAO to locate X-ray sources in our merged image. The resulting preliminary source list was extended by adding additional possible sources identified by visual inspection. This yielded a catalog of 392 possible X-ray sources. To clean this catalog of spurious sources and determine the properties of the X-ray sources, we performed a detailed analysis of each individual candidate source with the ACIS Extract software package 1 ), following the procedures described in Getman et al. (2005) , Townsley et al. (2003) , and Broos et al. (2007) . The final catalog contains 290 X-ray sources.
Intrinsic, i.e. extinction-corrected, X-ray luminosities for the sources were determined using the XPHOT software 2 , developed by Getman et al. (2010) , assuming a distance of 310 pc. For sources with fewer than four net counts (for which XPHOT does not work), an estimate of the X-ray luminosity was derived from the FLUX2 values computed by ACIS Extract and the median energy of the detected photons. For those cluster members that were not detected as X-ray sources in the Chandra data, we determined upper limits to their X-ray luminosities in the following way. First, extraction regions were defined as the 90% contours of the local PSF and then the number of counts in the target aperture and an estimate of the local background was determined with ACIS Extract. Upper limits to the number of source counts were then calculated with the Bayesian method to determine confidence intervals involving Poisson-distributed data described in Kraft et al. (1991) , using a confidence level of 0.9. To obtain upper limits to the X-ray luminosity, these source count upper limits were devided by the local exposure time and multiplied with the mean conversion factor between the count rate and the X-ray luminosity derived for the X-ray detected TTS from our IC 348 sample.
A general description of the resulting X-ray properties and an investigation of relations to the basic stellar parameters is given in Stelzer et al. (2011) .
Rotation periods of IC 348 stars from the literature
Numerous determinations of rotation periods have been performed in the past few years for stars in IC 348 starting with Herbst et al. (2000) . From the studies of Cohen et al. (2004) , Littlefair et al. (2005) , Kızıloglu et al. (2005) , Cieza & Baliber (2006) , and Nordhagen et al. (2006), we collected a catalog with rotational periods for 206 stars in IC 348. For most stars that are listed in more than one of these studies, the rotation periods agreed to within typically a few percent. We used the mean value of the listed rotation periods in these cases. In a few cases of significant discrepancies, we calculated the mean after dropping the outlying value.
Construction of the rotation -activity catalog
The starting point for the construction of the rotation-activity catalog was the membership list for IC 348 from Luhman et al. (2003) , which contains stellar parameters such as bolometric luminosity, spectral type, and effective temperature for 288 members. This sample is thought to be complete for A V ≤ 4 mag and masses of M ≥ 0.03M ⊙ . For each star with known rotation period, we searched for an associated X-ray source within ≈ 2 ′′ of the catalogued optical position. For the 18 cluster members with known rotation periods that are located in the Chandra area but not detected as X-ray sources, we used the upper limits to the X-ray luminosity as described above whereas stellar parameters were taken from Luhman et al. (2003) and Muench et al. (2007) .
Our final rotation -activity catalog consists of 82 stars with measured X-ray luminosities and 18 stars with upper limits to the X-ray luminosity. Tables 2 and 3 list the stellar parameters and X-ray luminosities for the 100 stars in our final sample.
X-ray activity and rotation periods
In Fig. 1 , we show the fractional X-ray luminosities L X /L bol versus rotation periods for the TTS in IC 348 and compare them to data for main-sequence stars. The periods for the stars in our sample range from 0.585 days to 30 days. It is obvious that the IC 348 stars do not follow the well-established activityrotation relation defined by the main-sequence stars, i.e. increasing activity for decreasing rotation periods followed by saturation at L X /L bol ∼ 10 −3 for periods shorter than about three days. Instead, the IC 348 stars show no relation between X-ray activity and rotation period. To identify stars that displayed large X-ray flares during the Chandra observation, we inspected the X-ray lightcurves. Stars for which the amplitude of the count rate variation in the lightcurve is higher than 10 are marked by triangles in Fig. 1 . We note that the two stars with the highest fractional X-ray luminosities (log (L X /L bol ) = −2.6 for star J 034427.02+320443.6 and log (L X /L bol ) = −1.9 for star J 034359.69+321402.9) showed strong X-ray flares during the Chandra observation; the amplitude of the count rate variation was 29.6 and 36.5, respectively, and the exponential decay time of the flares was ∼ 4-6 ksec. Therefore, the effect of these short The rotation periods of the X-ray undetected stars are rather uniformly distributed across the full range of periods for the Xray detected stars. This implies that the X-ray detection limit does not produce a systematic bias against either very rapid or slow rotators.
The data show that the X-ray activity level for the TTS in IC 348 seems to be independent of the rotation period. For the rapid rotators (periods ≤ 5 days), the absence of an activityrotation correlation may be an effect of the saturation seen in main-sequence stars. However, there is a considerable number of rather slowly rotating IC 348 stars (periods > ∼ 10 days) that have much higher X-ray activity levels than similarly slowly rotating main-sequence stars. We can thus confidently conclude that the IC 348 TTS do not follow the same relation between rotation period and fractional X-ray luminosity as seen for main-sequence stars.
X-ray activity and Rossby numbers
Although the efficiency of the magnetic field generation in the α − Ω dynamo model increases with the rotation rate, there is 3 A detailed analysis of the effects of flares on the mean X-ray luminosity X-ray of TTS was performed in the context of the Chandra Orion Ultradeep Projects (Getman et al. 2005 ). An analysis of the X-ray lightcurves was used to derive the "characteristic" X-ray luminosities by removing the effect of strong flares. It was found that the difference between these "characteristic" X-ray luminosities and the average X-ray luminosities (i.e. the mean values determined without removing flares) is very small and does not significantly affect the relations between X-ray and basic stellar properties . Our IC 348 Chandra observations have long enough exposure times (compared to the typical short duration of a flare) for individual flares to have only very minor effects on the average X-ray luminosities. no direct causal relationship. The dynamo number depends instead on the radial gradient of the angular velocity and the characteristic scale length of convection at the base of the convection zone (see Ossendrijver 2003) . A detailed theoretical analysis shows that the dynamo number scales as the inverse square of the Rossby number Ro (e.g. Maggio et al. 1987) , which is defined as the ratio of the rotation period to the convective turnover time τ c , i.e. Ro := P rot /τ c . This theoretical prediction is well-confirmed by data for main-sequence stars, which follow a considerably tighter relationship between magnetic activity and Rossby number than magnetic activity and rotation period (e.g. Montesinos et al. 2001; Pizzolato et al. 2003) . Numerous studies have confirmed that for slowly rotating stars, activity rises as L X /L bol ∝ Ro −2 . Saturation at the L X /L bol ≈ 10 −3 level is reached around Ro ∼ 0.1, which is followed by a regime of "supersaturation" for very small Rossby numbers, Ro 0.02 (e.g., Randich 2000; Jeffries et al. 2011 ).
Determination of convective turnover times for the TTS
The convective turnover timescale τ c is a sensitive function of the physical properties in the stellar interior. For main-sequence stars, semi-empirical interpolations of τ c values as a function of the color or the stellar mass are available and provide an easy way to estimate the Rossby numbers. For TTS, which have a considerably different and rapidly evolving internal structure, the situation is far more complex because the τ c values depend strongly on age. The convective turnover timescales for the young TTS are several times longer than for main-sequence stars of the same mass. Detailed stellar evolution model calculations are required to determine reliable convective turnover times for TTS in a self-consistent way.
Model calculations of this type were performed for the analysis of the activity -rotation relation in the Orion Nebula Cluster described in . First, a large set of stellar models was computed with the Yale Stellar Evolution Code (see for stellar masses between 0.065 M ⊙ and 4.0 M ⊙ . In the second step, the convective turnover time for each star in the observed sample was determined from the model that reproduced its observed effective temperature and luminosity. This resulted in a database of 562 different (T eff , L bol , τ c ) values.
We used these results to determine convective turnover times for the TTS in IC 348 by interpolating their stellar parameters T eff and L bol against those in the database to determine τ c . This resulted in Rossby numbers for 76 stars in our sample.
The activity -Rossby number relation for the TTS
Rossby numbers were computed by dividing the rotation periods of the stars by the values for their local convective turnover time derived above. Fig. 2 shows the fractional X-ray luminosities of the TTS versus the resulting Rossby numbers. The plot shows no strong relation between these two quantities as expected for such low Rossby numbers. Nearly all TTS have Rossby numbers < 0.2 and are therefore in the saturated or super-saturated regime of the activity -Rossby number relation for main-sequence stars.
To search for indications of super-saturation, we compared the fractional X-ray luminosities of the TTS in the saturated (0.1 > Ro > 0.02) and super-saturated (Ro ≤ 0.02) regimes. We found nearly equal median values of log (L X /L bol ) = −3.51 for the TTS in the saturated regime and −3.56 for those in the super-saturated regime; thus, the stars from IC 348 show no clear evidence of supersaturation. Nevertheless, there may be a hint of supersaturation if we consider only stars with very small Rossby numbers of Ro ≤ 0.006.
All three stars in this range have remarkably low activity levels of between −3.7 and −4.1. If this is a real effect, the border for supersaturation would be shifted by about a factor of three relative to the border determined by Randich (1998) for mainsequence stars.
A difference between TTS and main-sequence stars manifests itself in the wide dispersion of fractional X-ray luminosities at a given Rossby number among the TTS. The activity levels scatter over more than one order of magnitude, in remarkable contrast to the much smaller scatter found for main-sequence stars in the saturated rotation regime (see Pizzolato et al. 2003) . This result suggests that additional factors, other than the rotation period, are important for determining the level of X-ray activity in TTS.
The activity -Rossby number relation for stars of different spectral types and infrared-classes
A comparison of L X /L bol versus Rossby numbers for different spectral classes is shown in Fig. 3 . We found no statistically significant difference between the median values of the fractional luminosity for the different spectral types. In addition, the ranges of Rossby numbers for the different spectral types seem to be quite similar. The three G-type stars have larger Rossby numbers than the K-and M-type stars, although this may simply be an effect of small-number statistics.
In Fig. 4 , we show X-ray activity versus Rossby number for the different infrared-classes, which trace the circumstellar material around the young stars. We used the infrared-classes derived by Lada et al. (2006) from the observed Spitzer/IRAC spectral energy distributions (SEDs) between 3.6 µm and 8 µm. Objects with an SED slope of α 3−8 > −0.5 are class 1 and are thought to be very young stellar objects surrounded by circumstellar disks and envelopes. Class II objects (−0.5 ≥ α 3−8 ≥ −1.8) are stars with thick circumstellar disks. Class II/III objects (−1.8 ≥ α 3−8 ≥ −2.56) are thought to be stars surrounded by "anemic" disks, whereas class III objects (α 3−8 < −2.56) are disk-less stars. The "anemic" disk objects are probably transition objects that have either optically thin disks, or disks with large inner holes (see Lada et al. 2006) .
The plot shows no obvious differences in either the X-ray activity levels or the Rossby numbers of the different infrared classes. This suggests that the presence or absence and the properties of the circumstellar material are independent of the level of X-ray emission. This is consistent with the results derived from Chandra observations of the Orion Nebula Cluster .
Investigating the plot of rotation periods versus fractional luminosities for the different infrared classes, we found no significant relation. We also found no indications of a relation between the Rossby number and the infrared class.
Comparison of IC 348 to young clusters of different age
During the pre-main sequence lifetime of young stars, several important changes occur with respect to the level and origin of the magnetic activity. X-ray studies of young clusters with different age have shown that the level of X-ray activity is approximately constant during the initial ∼ 10 Myrs, and starts to decline significantly at ages above ∼ 10 − 30 Myr (Preibisch & Feigelson 2005) . Another important aspect is that the internal structure of the young stars changes from a fully convective structure to a radiative core plus convective envelope structure. The timescale for these transitions depends on the stel- The gray shaded area shows the relation and the width of its typical scatter found for MS stars (from Pizzolato et al. 2003) . lar mass; for stars with masses of around one solar mass, this change occurs at ages around 2 − 4 Myr. It is therefore interesting to compare the rotation-activity relation for IC 348 to that seen in other young clusters of different age. While there is certainly no lack of X-ray data on young stellar clusters, rotation data are often unavailable for a sufficiently large number of cluster members for statistical studies, especially for the particularly interesting age period of ≤ 10 Myr. Another serious obstacle is often the non-availability of reliable Rossby numbers for young pre-main sequence stars.
Here we consider two other young clusters for which similarly good X-ray and rotation data as well as reliable Rossby numbers are available for a sufficiently large number of stars. The first data set is the sample of TTS in the ≈ 1 Myr old Orion Nebula Cluster from . The second sample is taken from the recent study of the ≈ 30 Myr old cluster NGC 2547 by Jeffries et al. (2011) .
In Fig. 5 , we compare the relations between X-ray activity and Rossby numbers for the three studied clusters. The three samples are similar in the sense that no correlation can be seen between X-ray activity and Rossby number. A striking difference is however seen in the scatter in the X-ray activity levels for the stars in the saturated Rossby number regime. Table 1 lists statistical values for the scatter in the activity levels seen in each sample. The scatter is largest in the Orion Nebula Cluster sample [ σ log(L X /L bol ) = 0.63], but considerably smaller in IC 348 [ σ log(L X /L bol ) = 0.43], and yet smaller in the case of NGC 2547 [ σ log(L X /L bol ) = 0.24]. We note that the scatter seen in NGC 2547 is representative of the scatter seen in main-sequence stars (see Pizzolato et al. 2003) . As the age of the Orion Nebula Cluster sample is ≈ 1 Myr, whereas IC 348 is ≈ 3 Myr old, and NGC 2547 is ≈ 30 Myr old, we find a decrease in the scatter in the X-ray activity levels for stars in the saturated Rossby number regime with the age of the stellar population. 
Conclusions
Our analysis of the relation between X-ray activity (as traced by deep Chandra observations) and the rotation properties of the TTS in the young cluster IC 348 has yielded the following results. First, we have shown that there is no correlation between the fractional X-ray luminosity and the rotation periods of the TTS; even the rather slowly rotating stars (periods > ∼ 10 days) display very strong X-ray activity. Second, according to the Rossby numbers (that we have determined based on detailed stellar models for pre-main sequence stars), all TTS are in the saturated regime of the rotation-activity relation defined by main-sequence stars. Third, we have found no significant evidence of super-saturation among the most rapid rotators, although our data suggest that stars with extremely low Rossby numbers (Ro ≤ 0.006) have slightly lower activity levels. This seems to agree with the results of Jeffries et al. (2011) , who claim that in their NGC 2547 sample supersaturation occurs only for Rossby numbers lower than 0.005. In all three of these aspects, the TTS in IC 348 behave similarly to the TTS in the Orion Nebula Cluster. A remarkable difference is however seen in the scatter in the X-ray activity levels for the TTS in the saturated rotation regime. The scatter seen in the ≈ 3 Myr old IC 348 sample is considerably smaller than that in the ≈ 1 Myr old Orion Nebula Cluster sample, but, at the same time, considerably larger than seen in the ≈ 30 Myr old stars in NGC 2547 as well as for mainsequence stars. This suggests that some process reduces the wide distribution of activity levels seen in the youngest stars towards the much narrower distribution in older pre-main sequence and (young) main sequence stars during the first ∼ 30 Myr period, whereas the absolute level of the X-ray activity remains roughly constant during that time.
A possible explanation of this effect may be related to the stellar interior structure and the corresponding dynamo mechanisms that are the basis of the magnetic activity that produces the observed X-ray emission. At an age of ≤ 1 Myr (e.g., in the Orion Nebula Cluster), almost all low-and intermediate mass stars (M ≤ 2 M ⊙ ) are fully convective. As already mentioned, the solar-like α − Ω dynamo cannot operate in such a situation and some kind of small-scale convective dynamo must be the source of the magnetic activity. The more or less chaotic nature of such a dynamo may be responsible for the very wide scatter in activity levels seen for stars with similar rotation rates and stellar parameters. According to the pre-main sequence stellar evolution models of Siess et al. (2000) , a 1.5 M ⊙ star develops a radiative core at an age of about 1 Myr. As time proceeds, stars with increasingly lower masses develop radiative cores (at ≈ 1.7 Myr for 1.2 M ⊙ stars, at ≈ 2.3 Myr for 1.0 M ⊙ stars, and at ≈ 4.2 Myr for 0.8 M ⊙ stars). As soon as a star has a radiative core, the conditions for the operation of a solar-like α − Ω dynamo are met, which then gradually replaces the convective dynamo. When the total magnetic activity is dominated by the α−Ω dynamo, stars in the saturated rotation regime have a rather homogeneous level of X-ray activity, i.e. a small scatter in their L X /L bol values.
At the 3 Myr age of IC 348, all stars with M ≥ 0.9 M ⊙ (corresponding to a spectral type of K6) should have a radiative core; this concerns about 25% of our stellar sample in IC 348 and can explain why the dispersion in the X-ray activity levels in IC 348 is smaller than in the Orion Nebula Cluster. As time proceeds, an increasing fraction of the lower-mass stars make the transition from a fully convective to a core/envelope structure, where the operation of an α−Ω dynamo becomes possible, and this should continuously decrease the scatter in their L X /L bol values. By the age of ≈ 30 Myr, nearly all stars have attained their final stellar structure, and thus the scatter in the activity levels has settled to the rather small dispersion as typical of (rapidly rotating) mainsequence stars. This scenario could be a qualitative explanation of the observed decrease in the scatter in the X-ray activity level of stars in the saturated rotation regime. 
